Abstract.-We have explored the behavior of pair interaction in a suitable biradical when it is bound by van der Waals' forces in a nerve membrane. We have concomitantly examined a set of model solvents to represent this situation. It appears that the biradical suffers a restriction of internal motion with a minimal restraint on its external motion in the nerve medium. The biradical is so situated as not to respond to the passage of the action potential.
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We report preliminary results in the application of a new molecular geometrical probe for studying deformations of nerve membranes during excitation. The probe is a molecule consisting of a flexibly attached pair of nitroxide free radicals (spin labels) J-I An example is ethylene di-(1-Oxy-2,2,5,5 tetramethyl-3-pyrroline-3-carboxamide = biradical A) in which the variable distance r between the nitrogen atoms is 6.4 A < r < 12.8 A.
The magnetic interactions between the two unpaired electrons depend on the separating distance r and are large for separations smaller than 10 A and negligibly small for separations exceeding 14 A. The electron spin resonance (ESR) spectrum of the biradical is profoundly affected by the intensity of the pair interactions, and thus it indicates the conformation of the flexible biradical.. When biradicals can be made to adhere properly to flexible structures-for example, membranes, proteins, nucleic acids, etc., the ESR spectrum would then indicate geometrical deformations of the supporting structure. In this sense the biradical is a geometrical probe. The details of the ESR spectral-can be summarized in the following simplified discussion: The electron in an isolated monoradical is subjected to a hyper-1 fine field of 0 or 15 gauss, corresponding to the Zeeman level occupied by the adjacent N"4 nucleus. The ESR spectrum of a sample of monoradicals is shown in Figure la .
A biradical has two sites, at which the N14 nuclei may occupy similar or different Zeeman levels. The exchange type of pair interaction, which is of interest here, is equivalent to the exchange of sites by the electrons so that each is exposed to the hyperfine fields on both sites. The effective hyperfine field seen by an exchanging electron has an average value weighted by the residence times at the two sites. Biradicals in which the two N14 nuclei do not occupy similar Zeeman levels contribute interpolated spectral lines which are absent in the monoradical spectrum. Fast exchange results in equal residence times of the electrons at the two sites, in which case the effective hyperfine fields are simple averages. The corresponding ESR spectrum consists of five components with the intensity ratio of 1: 2: 3: 2: 1 (Fig. 2) .
We first consider the effect of the structure of biradical on the ESR spectrum of the molecules in aqueous solution. The biradical A showed a five-line spectrum (Fig. lb) , indicating fast exchange interactions of the two centers. A rigid biradical (the piperazine analogue of biradical A), henceforth named biradical B, showed a three-line spectrum (Fig. id) , indicating no exchange interaction. Similar solutions of the corresponding trimethylene diamine radical (biradical C) showed a five-line spectrum (Fig. lc) in the spectrum is not dependent on radical concentration. The upper spectrum has been obtained in the integrating mode, whereas the lower one is the derivative spectrum. Integra-
tion was attained on the Varian E-3 spectrometer by adjusting the scan rate to 100 gauss/ min and the time constant to 100 sec. support the concept that the rate of exchange interaction is a function of the flexibility of the molecules and the distance between the radical centers. The rate of exchange is denoted by J, and the frequency separation of the hyperfine splitting for N14 is A (= 43 MHz). Slow exchange implies JIA < 1 and fast exchange corresponds to J/A > 1. (Another important pair interaction is the dipolar one, which will not be considered at this point because it has a zero average in isotropic fluids.)
The understanding of spin exchange in biradicals in solution has not yet reached the quantitative stage, and it will take much effort before the geometrical probe is calibrated. Distinction has been made between direct exchange6 through the medium, which is the relevant phenomenon for our conformational study, and indirect exchange through the molecular backbone of the biradical. Biradicals are chosen to be sufficiently long and so constructed as to practically eliminate the indirect exchange. The rate of the direct exchange in flexible biradicals has been shown to rise exponentially with temperature. 6 The biradicals as yet studied can bond to other molecules only by noncovalent forces. Strong individual interactions with the present biradical A are unlikely, but we may expect cooperative weaker interactions to lead to the distribution of the molecule into microscopic phases with which it has some affinity. These cooperative interactions could lead to a limitation on the conformation of the radical so as to inhibit the exchange. Experimental.-Resting nerve: Unmyelinated lobster walking-leg nerves were taken from Homarus americanus and were immediately bathed in a solution of the appropriate radical in artificial seawater. A glass tube with a center constriction of about 1 mm was used to hold the nerve sample for study of the resting nerve. The nerve was tied at both ends with nylon thread and gently pulled to the constricted part of the tubing. All spectra in the report were taken with the Varian E-3 spectrometer.
Results.-Resting nerve: In the resting lobster nerve, we found that the spectrum of biradical A was markedly changed upon contact with the nerve (Fig. 3) . This spectrum indicated that the exchange interaction between the two radical centers was sharply decreased. This observation was interpreted to mean that the biradical molecule was bound to some part of the membrane (probably lipid) which resulted in its becoming more rigid or having a greater distance be-VOL. 63, 1969 tween its radical centers. However, the line shape of the spectrum indicated also a rather high tumbling rate approaching that of a liquid environment. nerve.
Repeated washing of the nerve with seawater eventually removed most of the biradical labels except for a small residue. This result indicates that most of the biradicals were probably not in the axoplasm.
One unexpected result from the experiment was the discovery of reductants that were bound to the nerve. Radicals that came in direct contact with the nerve were found to be gradually reduced. This reduction was a slow process, requiring over eight hours for the destruction of the ESR signal of the radical in the nerve. This is much slower than the very rapid change in the biradical spectrum upon initial contact with the nerve, which was discussed above. However, the reductant could not be extracted from the nerve with seawater. Although this reduction of the radical interfered with our experiments, the presence of the nerve-bound reducing agent is itself of interest. Experiments are being carried out to determine the kinetics and precise localization of this reducing agent; its identification is also being planned.
Experimental.-Model systems: We have dissolved biradical A in a large number of solvents which are chemically similar to membrane constituents. The results are as follows:
(1) Water: The exchange at room temperature is intense (J/A > 10) and does not depend on pH (Fig. lb). (2) Water additives: In saturated solutions of starch, bovine serum albumin, and sodium oleate, the exchange is the same as in water. Thus, the biradicals apparently do not interact with these solutes strongly enough to effect the exchange. It is probable that the sodium oleate had formed micelles in water and that the biradicals were accommodated inside them, but no effect was seen on the rate of spin exchange.
(3) Pure organic acids (e.g., formic acid, acetic acid, butyric acid, and oleic acid): The exchange is fast. However, in pure formic acid the nitroxide groups are destroyed chemically, probably by reduction.
(4) Alcohols: In propanediol, butane-2,3-diol, n-octanol (Fig. 4) , n-decanol, and glycerol (Fig. 5) , the spin exchange is inhibited at room temperature, and thus the alcohols are the only model solvents in which we were able to imitate the ESR spectra seen in the nerve membrane (Fig. 4, 400) . (5) In representative esters (such as olive oil and amyl acetate), the spectra are characterized by fast exchange, as are the spectra in dihydrosphingosine.
Results.-Model systems: Viscosity has a strong influence on the spectra, but it is always distinguishable from that of strong pair interactions. Lowviscosity spectra of noninteracting biradicals have three components, and this analogy of weakly interacting biradicals with monoradicals is valid through the whole range of increasing viscosity (Fig. 5, 700 and 240 ). In fact, the similarity of the spectra of biradical A in frozen alcohols to the spectra of immobilized monoradicals lends the strongest support to the conclusion that the unpaired electrons of the biradicals in alcohols are far apart. In viscous media the r-3-dependent dipole-dipole interaction becomes fully effective at close range, and in combination with spin exchange it would drastically modify the immobilized spectra.9' 10 The resulting lineshape (Fig. 6, 240 ), which can be computersimulated,11 would be sharper than that of the immobilized noninteracting pairs (Fig. 5, 240 and 70° ). Sharpness actually is the main attribute of the ESR spectrum of the immobilized interacting pairs. It is also significant that these sharp lines pass directly into five-line spectra when viscosity is lowered (Fig. 6) .
The addition of water to the alcohols enhances the exchange, probably by displacing the bound alcohols. In one fortunate run with glycerol, the three-line spectra were followed all the way to 1600, indicating that the biradicals were girdled even at that temperature. We believe that in that case the sample was water-free, while in the sample reported in Figure 5 some water was present, thus lowering the temperature for the onset of exchange.
The results of the present section allow us to predict the changes in spectrum that one might expect in a satisfactorily bound geometrical probe.
If the biradical probe is bound to a framework so as to reflect its dimensional changes, for example two-poinit binding, it may also be free to change its orieiitation in the external magnetic field rapidly or slowly. If it is the former, the dimensional change should appear as a transition between the three-and five-line spec- -20 3230 +20 gauss trum (Fig. 4, 40-120° ). If it is the latter, the change should appear as a transition between a distorted three-line spectrum (Fig. 5, 24° ) and an exchangenarrowed, single-line spectrum (Fig. 6, 240 ).
Experimental.-Excited nerve: A specially constructed chamber which contained stimulating and recording electrodes (Fig. 7 ) was used to study the ESR spectra of biradicals in excited nerves. Our intention was to observe transient changes of the ESR spectrum at any given magnetic-field strength during the passage of an action potential. During the experiment, the spectrometer's magnetic field was set upon one of the five peaks of the interaction spectrum (Fig. 3) . The unfiltered output of the spectrometer was sent to our external circuits. This circuitry (Fig. 8) 
